When cells or the culture filtrate of Azotobacter chroococcum grown on a medium without a source of fixed nitrogen were added to barley seeds, they sometimes stimulated the extension of seedling roots. The stimulation appeared to be due to a bacterial metabolite as the cells used were non-viable (due to a decrease in pH of the growth medium). There was no evidence that 3-indoleacetic acid or gibberellic acid, which were produced by the bacterium, were involved in the stimulation. When the bacterium was grown on a medium containing nitrate, the cells, but not the culture filtrate, always inhibited germination and the extension of seedling roots. This inhibition of germination appears to be due to competition between viable bacteria and seed for available oxygen.
et af., 1962) . Tomato, which is particularly susceptible to the effects of growth regulators, has often been used as a test plant but the results may not be applicable to cereals. Barley is a suitable cereal for study because the processes involved in germination have been studied in detail (Macleod, 1969) . We have therefore used barley to study the effects of A . chroococcum on seed germination and seedling growth.
METHODS
Growth ofinocula. Azotobxter chroococcum strain A6 (Patel, 1969) was cultured on two media. The nitrogen-free medium was that described by Dalton & Postgate (1969) , but with sucrose, which was found to support better growth than mannitol, as the carbon source. This medium contained (per litre): sucrose, 10 g; K2HP04, 0.64 g; KH2P04, 0.16 g; NaCI, 0.2 g; MgS04.7Hz0, 0.2 g; CaCI,, 0.1 g; nitrilotriacetic acid, 0-1 g; H&O3,2.9 mg;'FeS04.7Hz0, 2.5 mg; Na,Mo04.2H,0, 2.5 mg; CoSO,, 1.2 mg; ZnSO,. 7Hz0, 1.2 mg; CuS04.7H20, 0-1 mg; MnClz.4H20, 0.09mg. This medium solidified with 1.5% (w/v) agar was used to maintain the culture. The medium containing nitrate was that which is normally used for the growth of plants, but amended with sucrose and additional phosphate buffer for the culture of A . chroo~occ~nl. Tt contained (per litre): sucrose, 10 g; K2HP04, 0.64 g; KH2P04, 0.30 g; KN03, 0.505 g; Ca(N03),.4H,0, 0-355 g; NaN03, 0.17 g; MgS04.7Hz0, 0.37 g; ferric EDTA, 3.5 mg; H3B03, 0.57 mg; KCI, 0.105 mg; MnSO,, 0.081 mg; CuS04.7H20, 0.04 mg; ZnSO4.7H,O, 0.022 mg; (NH4)BMo7024.4Hz0, 0.002 mg. For both media, the mineral salts and phosphate buffer (at x 10 concentration) and the bulk of the medium including sucrose were autoclaved separately and mixed when cool.
Batch cultures were inoculated by sterile loop from agar slopes and grown for 14 d in 250 ml conical flasks containing 100 ml medium on a rotary shaker (160 rev. min-l) at 25 "C. Continuous cultures ( D = 0.01 h-l) were inoculated with a 2 d-old flask batch culture and grown in a chemostat (working volume 2.5 1) at 20 "C, pH 7.0 and an oxygen partial pressure of 0.6 atm (60 kPa).
Seed inoculation. Complete cultures of A. chroococcum were normally used as inocula. For some experiments, however, cultures were centrifuged at 2000 g for 30 min, and then the supernatant was passed through a membrane filter (0-22 pm) and the centrifuged cells were resuspended in sterile medium without sucrose, centrifuged and again resuspended ; the filtered supernatant and washed cell suspensions were used as in ocula.
Barley seed (Hordeurn vulgure) was soaked in the inoculum for 4 h, during which time each seed imbibed 0.28 g water. For each treatment 30 seeds were added to 30 ml inoculum at the temperature used for subsequent germination and seedling growth. Seeds were planted immediately after inoculation. Controls were treated in sterile medium without sucrose or in water.
Viable cell numbers in inocula were determined by conventional dilution plate counts on both media solidified with 1-5 yo (w/v) agar. Plates were incubated at 25 "C for 5 d. Viable numbers on inoculated seed were determined after shaking 30 seeds in 50 ml sterile 0.05 % Manoxol OT (Hopkin & Williams, Chadwell Heath, Essex) for 5 min. Seed germination in Petri dishes. For each treatment 30 seeds were planted into 15 cm diam. sterile glass Petri dishes. Each dish contained 10 seeds and either (i) a sterile filter paper pad (1 1 cm) moistened with the nitrate-containing medium without sucrose (50 ml) or (ii) dry sterilized coarse sand (1.0 to 1.5 mm, 200 g) moistened with nitrate-containing medium without sucrose (45 ml). Dishes were incubated in the dark, and the percentage germination was recorded after 24 h and at the completion of the experiment, i.e. 120 h (20 "C), 168 h (15 "C) or 288 h (10 "C), when coleoptile and root lengths were also measured for each seedling.
Seedgermination injlasks. Seed was planted on to dry sterilized coarse sand (1.0 to 1.5 mm, 1 kg) moistened with sterile nitrate-containing medium without sucrose (225 ml) in 2 1 conical flasks. Each flask contained 30 seeds and comprised one treatment. Oxygen concentrations were maintained at 21, 10, 5 or 2.5 0; (v/v) in flasks by continuously passing air or mixtures of air and nitrogen at 100 ml min-I; at concentrations of 10% or less the gas mixture was passed for at least 4 h before planting. Each day the flasks were weighed and evaporation losses were made up by addition of sterile distilled water, and oxygen concentrations were checked by gas chromatography (Smith & Dowdell, 1973) . Flasks were incubated in the dark and the percentage germination was recorded daily. Treatments in air were harvested after 120 h. At lower oxygen concentrations when seedling growth was reduced, experiments were terminated when seedlings in the uninoculated control treatments had reached the same size as the controls in air. Coleoptile and root lengths were determined for each seedling.
Respirometer studies. Barley seed was inoculated with 5 d-old flask cultures of A. chroococcum and planted on acid-washed, dry sterilized coarse sand (1.0 to 1.5 mm, 10 g) moistened with sterile medium without sucrose (2.3 ml) in Gilson respirometer flasks cleaned in chromic acid. Each flask contained 10 seeds, planted embryo side uppermost, with four flasks in each treatment. Carbon dioxide was absorbed by 10% (w/v) KOH (0.2 ml) with a filter paper 'wick' in the centre well. Oxygen uptake at 20 "C was followed for 24 h; 30 min were allowed for equilibration before the first reading and readings were then takenat 30 min intervals. A ' thermoblank' flask was included in all experiments to allow correction for changes in ambient temperature (Carver & Gloyne, 1971 ). The percentage germination was recorded in each flask at hourly intervals between 15 and 24 h.
R E S U L T S
The effect of A. chroococcum which had been grown in flask cultures on the root extension of barley seedlings is shown in Table 1 . Inoculation did not affect the percentage of seeds which germinated but root extension was stimulated by all types of inoculum preparation when the bacteria had grown in the nitrogen-free medium, except for the undiluted complete culture and undiluted culture filtrate. The stimulatory effects of inoculum type were in the order : cell suspension > complete culture > culture filtrate, but stimulation always increased progressively with dilution. In contrast, when seed was inoculated with undiluted complete cultures or suspensions of the bacteria grown in the medium containing nitrate, germination was reduced to 57 and 73 %, respectively; this effect was less marked when the medium was diluted. Culture filtrates of, the nitrate-grown cells had no significant effect. Thus inhibition involves bacterial cells whereas stimulation involves, at least in part, metabolic products.
Seed was treated with IAA and GA, to investigate whether these growth regulators were involved in the stimulation of root extension by cultures grown on the nitrogen-free medium (Fig, 1) . Root extension was stimulated only by 1 0 -4~-G A , when added to the sand, a concentration higher than any that have been reported in cultures of A. chroococcum, and the stimulation was smaller than that observed with inocula from the nitrogen-free medium. Although IAA inhibited root growth of seedlings at the higher concentrations, this substance did not greatly inhibit the percentage germination. No synergistic effects were observed when IAA and GAS were added together. There is no evidence, therefore, that the stimulation of seedling development or inhibition of germination when barley seed was inoculated with A . chroococcum could be attributed to IAA or GA,.
When complete culture inocula from the nitrogen-free medium were compared at different temperatures ( Table 2) , stimulation of root extension was observed at 10 and 15 "C but not at 20 "C. The inhibitory effects of the inocula from the nitrate-containing medium also varied with temperature and were reduced at the lower temperatures. The effect of oxygen on the inhibition of germination by the cultures from the nitratecontaining medium is shown in Fig. 2 . At oxygen concentrations of around lo%, the inhibitory effect of the bacteria was increased, even though untreated seeds germinated normally.
The effects of oxygen and temperature on the bacterial action on barley are both in accord with the view that competition for oxygen between the bacterium and seed is involved in the inhibition. This hypothesis was tested by measuring the combined oxygen uptake of the seed and inoculum in a Gilson respirometer (Fig. 3) . The oxygen uptake by seed inoculated with the inhibitory culture was initially higher than that of controls or of seed inoculated with the stimulatory culture, but there was no increase in oxygen uptake at the time when seed in non-inhibitory treatments was germinating. This result supports the hypothesis that germination is inhibited because of competition between the seed and inoculum for oxygen.
There was no consistent difference in the bacterial effects between seeds which were germinated on filter paper or sand. The inhibitory effects of cultures from the nitratecontaining medium were always observed whether cultures were derived from flasks or the chemostat. However, the stimulatory effects of the flask cultures from the nitrogen-free medium were not always observed. Attempts to achieve reproducibility by using steadystate chemostat cultures at different growth rates (0.1 to 0-02 h-l) and by ageing the cells at the completion of active growth were unsuccessful.
Whereas the specific growth rates of A . chroococcum on the different media were similar (Fig. 4) , the pH of the medium without added nitrogen decreased rapidly. This resulted in a reduction of culture viability and within 120 h no viable cells could be detected. In contrast, the pH of the medium with nitrate and the cell viability ( 2 . 4~ lo8 viable cells ml-l) remained constant for at least 20 d. This provides further evidence that active cells are involved in the inhibitory action but that metabolites are involved in the stimulation. 
D I S C U S S I O N
Cultures of A. chroococcum grown on nitrogen-free medium, which has been used conventionally in inoculation studies, stimulated seedling development but the stimulation was not consistently reproducible. Metabolic products of the inoculum appeared to be involved in the stimulation, although the presence of cells of A. chroococcum increased the effect. The stimulatory effects can therefore be ascribed to metabolites produced during culture of the inoculum without the necessity for seedling colonization by the inoculant. The failure to repeat the stimulation consistently prevented a fuller investigation of the mode of action. The involvement of specific plant growth regulators was not established and stimulation could not be brought about by IAA or GA, at the concentrations which have been detected in bacterial cultures. Similar results were obtained when these growth regulators were applied to the roots of gnotobiotic barley plants (Lynch & White, 1977) . However, the possibility remains that other growth regulators, such as cytokinins which are produced by Azotobacter. spp. (Lynch, 1979) , or complex mixtures of metabolites may be involved. Lynch & White (1977) considered that the beneficial effects of A . chroococcrrm might be explained as the successful cornpetition of the bacterium with antagonists of plant growth. In the present study, there was no evidence for the presence of antagonists but this remains a possible explanation for the stimulatory effects found in field experiments. It has also been shown that A . chroococcurn can metabolize acetic acid (A. D. Rovira, personal communication), which is a phytotoxin in soils containing plant residues (Lynch, 1977) , but the strain used in our experiments did not utilize acetate as a carbon source.
The cultures grown on the nitrate-containing medium were inhibitory only when cells were present, and inocula contained much higher numbers of viable cells than when cultured on the nitrogen-free medium. The observations that inhibition is increased at lower oxygen concentrations and that inhibitory cultures increase the combined rate of uptake by the seed and inoculum, support the hypothesis that competition for oxygen is involved in the inhibition of germination. Similar observations with a fungal inoculant (Lynch & Pryn, 1977) suggest that microbial inocula which contain viable cells can, in general, compete with the seed for oxygen and prevent germination. This imposes a limitation on the number of viable cells that can be inoculated on to seeds without adverse effect. Large inocula have normally been used for field trials since colonization of the rhizosphere has been regarded as a prerequisite for increased seedling development.
Seed inoculation with micro-organisms remains a potential method for the promotion of satisfactory seedling emergence. This is an important stage in crop development and essential to achieve optimal plant populations and, in turn, maximum yield. However, since we could not consistently produce stimulatory inocula and as some inocula were inhibitory, there seem few prospects for the adoption of seed inoculation with A . chroococcurn as a widescale agricultural practice.
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